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Background: KMN (KNL/MIS12/NDC80) is a kinetochore constituent essential for chromosome movements in mitosis.
Results: KMN protein specifies the kinetochore localization of SKAP. SKAP regulates spindle microtubule dynamics for
accurate chromosome movements.
Conclusion: The MIS13-SKAP interaction links kinetochore structural components to dynamic microtubule plus-ends.
Significance:MIS13-SKAP interaction governs chromosome dynamics and stability in mitosis.

Chromosome segregation in mitosis is orchestrated by the
dynamic interactions between the kinetochore and spindle
microtubules. Our recent study shows that mitotic motor
CENP-E cooperates with SKAP to orchestrate an accurate chro-
mosomemovement inmitosis. However, it remains elusive how
kinetochore core microtubule binding activity KMN (KNL1-
MIS12-NDC80) regulates microtubule plus-end dynamics.
Here, we identify a novel interaction betweenMIS13 and SKAP
that orchestrates accurate interaction between kinetochore and
dynamic spindle microtubules. SKAP physically interacts with
MIS13 and specifies kinetochore localization of SKAP. Suppres-
sion of MIS13 by small interfering RNA abrogates the kineto-
chore localization of SKAP. Total internal reflection fluores-
cence microscopic assays demonstrate that SKAP exhibits an
EB1-dependent, microtubule plus-end loading and tracking
in vitro. Importantly, SKAP is essential for kinetochore oscil-
lations and dynamics of microtubule plus-ends during live
cell mitosis. Based on those findings, we reason that SKAP
constitutes a dynamic link between spindlemicrotubule plus-
ends and mitotic chromosomes to achieve faithful cell
division.

The faithful chromosome segregation during mitosis is
orchestrated by dynamic interaction between spindle microtu-

bules and the kinetochore, a protein supercomplex assembled
at the chromosome centromere. Kinetochore acts as a struc-
tural platform for linking the centromere to spindle microtu-
bules and functions as a signaling hub coordinating chromo-
some attachment and themetaphase to anaphase transition (1).
The spindle assembly checkpoint senses kinetochore-microtu-
bule attachment and/or tension at the kinetochore and delays
the onset of anaphase until all chromosomes have successfully
achieved stable, bi-oriented attachments (2).
In the past decade, our understanding on the molecular

mechanism of dynamic kinetochore-microtubule interactions
has achieved significant progress (3). Aswe know,multiple pro-
teins function together at the kinetochore; they contribute to
the establishment and/or regulation of dynamic kinetochore-
microtubule interactions by forming attachment sites for spin-
dlemicrotubules. One conserved protein network composed of
KNL-1, Mis12 complex, and Ndc80 complex (KMN network)
constitutes the core microtubule binding site at the kineto-
chore (4). When the KMN network is compromised, a severe
kinetochore-microtubule attachment defect occurs. Another
group of kinetochore proteins, including Clasp1/2, Clip170,
and Lis1, can also interact with microtubules, but their main
functions seemnot to promote stable kinetochore-microtubule
attachment. When knocking down these proteins via siRNA
treatment, the number of attached microtubules did not
decrease and sometimes even increased. However, in these
siRNA-treated cells, the cell cycle was blocked at prometa-
phase, and perfect chromosome alignment could not be
achieved. Further detailed examinations showed that the
dynamics of attached microtubule plus-end were repressed in
these cells, and oscillation behaviors of paired kinetochores did
not coordinate with each other (3, 5). In addition, mitotic kine-
sinCENP-E also interacts withmicrotubules and is essential for
chromosome alignment (6–9). Through tethering microtu-
bules to the kinetochore, CENP-E is involved in chromosome
movements and segregation from prometaphase to anaphase.
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An early search for mitotic regulators has led to the identifi-
cation of SKAP as a regulator for the anaphase onset (10). SKAP
localizes at the outer kinetochore and is essential for chromo-
some alignment (10). SKAP forms a complex with Astrin, a
spindle- and kinetochore-related protein (11). Both SKAP and
Astrin exhibit microtubule activity (12). A recent study specu-
lates that the SKAP�Astrin complex localizes and regulates
microtubule plus-ends (13). Our investigation of protein net-
works interacting with CENP-E has led to the identification of
SKAP-CENP-E interaction (14). Our study showed that SKAP
cooperates with CENP-E to orchestrate kinetochore-microtu-
bule interaction for faithful chromosome segregation (14).
Interestingly, suppression of CENP-E does not abolish the kin-
etochore localization of SKAP (14), raising interest in the iden-
tification of the kinetochore constituent(s) that specifies SKAP
localization to the kinetochore.
To delineate the molecular network underlying SKAP inter-

action with the kinetochore and spindle microtubule, we car-
ried out a yeast two-hybrid screen for SKAP-interacting pro-
teins at the kinetochore. Our biochemical characterization
indicates that SKAP interacts with MIS13, and this interaction
specifies the kinetochore localization of SKAP. Our present
study has established that SKAP is a microtubule plus-end
tracking protein in vitro and essential for normal kinetochore
oscillation and microtubule plus-end dynamics in real-time
mitosis. Our studies revealed mechanistic action of SKAP in
mitosis, which functions as a linker protein connecting outer
kinetochore with dynamic microtubule plus-ends.

MATERIALS AND METHODS

Yeast Two-hybrid Assay—Yeast two-hybrid assays were per-
formed as described previously (15, 16). Briefly, SKAP cDNA
was inserted into the BamHI-EcoRI sites of pGBKT7 vector to
create a fusion with amino acids 1–147 of the Gal4 DNA-bind-
ing domain (BD).3 The resultant BD-SKAP was transformed
into strain AH109 along with different recombinant plasmids
expressing a Gal4 activation domain in fusion with different
kinetochore proteins, respectively. The co-transformed yeast
was grown up on SD plates with X-�-Gal but lacking Leu, Trp,
His, and Ade.
Cell Culture—HeLa cells, from the American Type Culture

Collection (Manassas, VA) were maintained as subconfluent
monolayers in Dulbecco’s modified Eagle’s medium (Invitro-
gen) with 10% FBS (Hyclone, Logan, UT) and 100 units/ml pen-
icillin plus 100 �g/ml streptomycin (Invitrogen).
Plasmids and Recombinant Protein Production—The full-

length SKAPmRNAwas amplified as described previously (14).
GFP-tagged SKAP full-length and deletion truncations were
cloned into pEGFP-C2 (Clontech). Bacterial expression con-
structs of SKAPwere cloned into pGEX-5X-3 (GEHealthcare),
pET-28a (Novagen), and pMal-C2 vector (New England Bio-
labs, Beverly, MA). All plasmid constructs were sequenced for
verification.

Expression and Purification of Recombinant Proteins—Puri-
fication of recombinant proteins was carried out as described
previously (14). Briefly, the GST fusion protein in bacteria in
the soluble fraction was purified by using glutathione-agarose
chromatography, whereas MBP-tagged protein was purified
using Amylose beads.
In Vitro Pull-down Assay—Purified MBP-SKAP full-length

and deletion mutants were used as affinity matrix to absorb
GST-Mis13 protein. These MBP fusion protein-bound Amy-
lose beads were incubated with GST-Mis13-expressing bacte-
ria cell lysate for 1 h at 4 °C, respectively. After incubation, the
beads were washed three times with PBS containing 0.25% Tri-
tonX-100 and oncewith PBS and then boiled in 1� SDS-PAGE
sample buffer. The bound proteinswere separated on 10%SDS-
polyacrylamide gel for Coomassie Blue staining and transferred
onto nitrocellulose membrane forWestern blotting using GST
antibody.
Purified GST-SKAP full-length and deletion mutants were

used as affinity matrix to absorb MBP-Mis13 protein. These
GST fusion protein-bound Sepharose beads were incubated
with purifiedMBP-Mis13 fusion proteins for 1 h at 4 °C, respec-
tively. After incubation, the beads were washed three times
with PBS containing 0.25% Triton X-100 and once with PBS
and then boiled in 1� SDS-PAGE sample buffer. The bound
proteins were separated on 8% SDS-polyacrylamide gel for
Coomassie Blue staining and transferred onto nitrocellulose
membrane for Western blotting using MBP antibody.
Immunoprecipitation—pEGFP-C2 vector- or GFP-Mis12/

Mis13/Mis14 plus 3� FLAG-SKAP-co-expressing 293T cells
were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 1 mM EDTA, 0.1% Triton X-100) on ice individually. Dif-
ferent lysates were clarified by centrifugation (12,000 rpm for
20 min at 4 °C) and then incubated with anti-FLAGM2 affinity
beads (Sigma) at 4 °C for 4 h, respectively. After an extensive
wash, the beadswere boiled in 1� SDS-PAGE sample buffer for
5 min, and the bound proteins were separated on 10% SDS-
polyacrylamide gel for transferring onto nitrocellulose mem-
brane for Western blotting using GFP antibody.
To test if SKAP forms a cognate complex with EB1, mitotic

cell lysates were prepared, clarified, and incubated with SKAP
mouse IgG prebound Protein G-agarose beads as described
previously (14). After an extensive wash, Protein G beads were
boiled in SDS-PAGE sample buffer followed by Western blot-
ting analyses to probe for SKAP and EB1.
Antibodies—Both rabbit andmouse antibodies against SKAP

were generated using full-length recombinant proteins from
bacteria using a standard protocol as described previously (17).
Antibodies against Mis13 were generated as described previ-
ously (18). Anti-tubulin antibody (DM1A) was purchased from
Sigma. Anti-Hec1 antibody was purchased from Abcam (Cam-
bridge, MA).
siRNA Treatment—The siRNA sequence used for silencing

of SKAP is 5�-AGGCTACAAACCACTGAGTAA-3� (siRNA1)
or a SMARTpool (L-022219-00; Thermo Fisher Scientific;
siRNA 2). Hec1, Mis12, Mis13, and CENP-E siRNA were
reported previously (15, 19, 20). As a control, either a duplex
targeting cyclophilin or scramble sequence was used (17, 21).

3 The abbreviations used are: BD, DNA-binding domain; AD, activation
domain; NT, N-terminal; CT, C-terminal; MBP, maltose-binding protein;
GMP-CPP, Guanosine-5�-[(�,�)-methyleno]triphosphate.
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The oligonucleotide RNA duplexes were synthesized by Dhar-
macon Research, Inc. (Boulder, CO).
HeLa cells were grown on 150-mm2 culture flasks at 37 °C

with 10% CO2, and mitotic cells were collected by mitotic
shake-off. Two hours after replating mitotic cells into 24-well
plates with or without coverslips, cells were transfected with
various siRNA oligonucleotide duplexes as described above
using Lipofectamine 2000 (Invitrogen).
ImmunofluorescenceMicroscopy—HeLa cells were grown on

coverslips in 24-well plates (Corning Glass) and transfected
with siRNA and/or plasmids using Lipofectamine 2000. Single
thymidine block and release treatment was used to synchronize
HeLa cell. For the immunofluorescence assay, HeLa cells were
rinsed for 1 min with PHEM buffer (100 mM PIPES, 20 mM

HEPES, pH6.9, 5mMEGTA, 2mMMgCl2, and 4M glycerol) and
permeabilized for 1 min with PHEM buffer plus 0.1% Triton
X-100. Then extractedHeLa cells were fixed in freshly prepared
4%paraformaldehyde in PHEMbuffer and rinsed three times in
1� PBS. HeLa cells seeded on coverslips were blocked with
0.05% Tween 20 in 1� PBS (1� TPBS) with 1% bovine serum
albumin (Sigma) and then incubatedwith various primary anti-
bodies in a humidified chamber for 1 h at room temperature
and then washed three times in 1� TPBS. Primary antibodies
were visualized by fluorescein-conjugated secondary antibod-
ies. DNA was stained with DAPI (Sigma).
For analysis of cold-stablemicrotubules, fixationwas done as

described previously (22). Briefly, HeLa cells were incubated for
15 or 30 min on ice in L-15 medium (Invitrogen) with 20 mM

HEPES at pH7.3 and then fixed for 10min at room temperature
with PTEMF buffer (3.7% formaldehyde in 100 mM PIPES, pH
6.8, 10 mM EGTA, 1 mM MgCl2, and 0.2% Triton X-100).

Images were taken at identical exposure times within each
experiment, acquired as 24-bit RGB images, and processed in
Adobe Photoshop. Images shown in the same panel have been
identically scaled. Measurement of kinetochore intensities was
performed in ZEN software (Carl Zeiss) on non-deconvolved
images. Quantification of kinetochore intensities was per-
formed as described previously (23). Essentially, a circular
region with fixed diameter was centered on each kinetochore,
and unless indicated otherwise, ACA intensity wasmeasured in
the same region and used for normalization after subtraction of
background intensity measured outside the cell.
Kinetochore Tracking Assay—The kinetochore tracking

experimentwas performed as described (24). Briefly, HeLa cells
were grown on a glass bottom culture dish (MatTek) at 37 °C
with 10%CO2 after various transfections with siRNA or scram-
bled (control) oligonucleotides; HeLa cells were then tran-
siently transfected with EGFP-CENP-B followed by synchroni-
zation. Then images were collected using a DeltaVision DVI
microscopy system built on an Olympus IX-70 inverted micro-
scope base as described previously (7, 25). For imaging, time
points were acquired every 5 s for 5 min with a �100, 1.35
numerical aperture objective lens on the imaging system (Del-
taVision Core, Applied Precision) fitted with a 37 °C environ-
mental chamber. Final images were processed using Delta-
Vision Softworx software. To characterize sister kinetochore
dynamics over time, we monitored the sister kinetochore
center position along the normal to the metaphase plate (spin-

dle axis), and the position of the metaphase plate was calcu-
lated by setting a plane to the computed kinetochore posi-
tions. The autocorrelation ability of paired sister kinetochore
movements along the metaphase plate yielded sister kineto-
chore oscillations.
GFP-Tubulin Photoactivation in Live Mitosis—The experi-

ment was performed as described previously (26–28). Briefly,
HeLa cells were grown on a glass bottom culture dish (MatTek)
at 37 °Cwith 10%CO2 after various transfectionswith siRNAor
scrambled (control) oligonucleotides; HeLa cells were tran-
siently transfected with PA-GFP-tubulin and cherry-H2B fol-
lowed by synchronization, and then mitotic cells were identi-
fied by DIC microscopy. Several pulses from a 405-nm
diffraction-limited laser on LSM710 NLO (Carl Zeiss) were
used to photoactivate an area of �2 �m2 within the spindle as
described previously. Images were acquired with �63, 1.4
numerical aperture objectives on a LSM710 laser-scanning
microscope, and images were collected every 30 s.
Total Internal Reflection Fluorescence Microscopic Analyses—

The microtubule plus-end tracking experiment was per-
formed as described recently (29)with somemodifications. The
GMPCPP MT seeds were prepared by polymerizing 30 �M

tubulin (at a bovine tubulin/rhodamine-tubulin/biotin-tubulin
ratio of 30:2:1) in the presence of 1 mMGMP-CPP (Jena Biosci-
ence) at 37 °C for 40 min. The seeds were then centrifuged and
resuspended in BRB80 buffer (80 mM K-PIPES, pH 6.8, 2 mM

MgCl2, 1mMEGTA). These seedswere shearedwith a 25-gauge
needle before they were used to generate short seeds.
Flow chambers were prepared as described previously (30).

Chambers were coated with 10% monoclonal anti-biotin anti-
body (Sigma) followed by blocking with 5% Pluronic F-127
(Sigma). After a brief wash, sheared MT seeds (125 nM) were
added into the chamber. Tubulin polymerization mixture (30
�M tubulin in total containing 1:30 rhodamine-labeled bovine
tubulin in BRB80, 50 mM KCl, 5 mM DTT, 1.25 mM Mg-GTP,
0.25 mg/ml �-casein, 0.15% methylcellulose (Sigma), an oxy-
gen-scavenging system, and �TIPs) was introduced into the
chamber to initiate polymerization. Unless stated otherwise,
the final concentrations of�TIPs were 250 nM EB1 and 250 nM
N-SKAP or its SXIP mutant recombinant proteins. The tem-
perature was kept at 25 °C. Images were collected with a super-
resolution microscope configured on an ELYRA system (Carl
Zeiss). The laser intensities were kept at a low level to avoid
photobleaching. For �TIPs tracking assays, 1 frame was taken
per second. Plus-end tracking of GFPN-SKAP and its SXIP
mutant was analyzed using kymographs in ZEN software (Carl
Zeiss).

RESULTS

C-terminal Region of SKAP Determines Its Kinetochore
Localization—Our recent study revealed that SKAP cooperates
with CENP-E in achieving accurate chromosome congression
in mitosis (14). To delineate the mechanism underlying SKAP
kinetochore localization and its regulation, we constructed a
series ofGFP-tagged deletionmutants of SKAP (as illustrated in
Fig. 1A) and examined their localization in HeLa cells. As
shown in Fig. 1B, full-length (FL) SKAP distributed to the spin-
dle microtubules and kinetochores, which is consistent with
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previously published results (10, 12–14). The C-terminal
region of SKAP, which contains two short coiled-coil regions,
also distributed to the kinetochore. Furthermore, we noted that
the CC2 fragment, which is a smaller region in CTdeletion, had
a weak kinetochore localization signal (Fig. 1B). However, the
NT,�CC2,�CC2L, andCC1deletionmutants failed to localize to
kinetochore. In addition, deletion of CC1 attenuated the localiza-
tion of SKAP to the kinetochore (Fig. 1B). Quantitative analyses
of kinetochore relative fluorescence signal indicated that GFP-
tagged CT deletion of SKAP had a fluorescence intensity simi-
lar to that of full-length, and deletion CC1 had a greater than
30% reduction judged by the fluorescence intensity at the kin-
etochore, whereas the kinetochore signals for SKAP-NT,
�CC2, �CC2L, and CC1 deletion mutants were virtually unde-
tectable based on the survey of 100 positively transfected HeLa
cells (Fig. 1C; *, p � 0.001). In addition, the kinetochore signals
for CC2 and �CC1 were significantly reduced (Fig. 1C; **, p �
0.01). Given the fact that deletion of either CC1 or CC2 signif-
icantly perturbed SKAP localization to the kinetochore (p �
0.01), we conclude that both coiled-coil domains of SKAP are
responsible for its kinetochore targeting.

KMN Is Essential for the Kinetochore Localization of SKAP—
To understand the precise function of SKAP in kinetochore-
microtubule interactions, we sought to probe for the kineto-
chore element(s) responsible for SKAP localization. To this
end, we carried out an siRNA screen of kinetochore core con-
stituents, such as KMN proteins. Previous studies have estab-
lished that the NDC80 complex is indispensable for establish-
ing microtubule-kinetochore attachments (e.g. see Refs. 1–3).
Because the KMN network is one of the major structure plat-
forms of the outer kinetochore and the core microtubule bind-
ing site, we examined the kinetochore signal of SKAP in HeLa
cells in which individual KMNcomponents were suppressed by
siRNA treatment (4, 31). Preliminary experiments and a litera-
ture search have eliminated possible off-target effects of those
siRNAs used in this study. In general, we employed two distinct
siRNAs to targets (e.g. see Refs. 14–16).4 As shown in Fig. 2A,
the level of SKAP at the kinetochore decreased significantly in
the absence of Hec1, and loss of Mis13 also caused a sharply
decreased signal of SKAP at kinetochores compared with that

4 X. Wang and Y. Huang, unpublished observation.

FIGURE 1. Mapping the kinetochore binding region of SKAP. A, schematic representation of GFP-tagged SKAP full-length and various deletion mutants. CC1
and CC2, coiled-coil domain 1 and 2, respectively. B, representative images of metaphase HeLa cells expressing GFP-tagged full-length and different deletion
mutants of human SKAP. 24 h after transfection, HeLa cells were fixed and then stained for ACA (red) and DNA (blue). Scale bar, 10 �m. C, quantification of
kinetochore signal intensity of GFP-tagged SKAP full-length and different deletion mutants. Bars, mean � S.E. (error bars) of three independent experiments.
In each experiment, 20 cells were measured (�15 kinetochores/cell; *, p � 0.001; **, p � 0.01).
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of control cells. However, when CENP-E is suppressed, the kin-
etochore signal of SKAP was slightly affected, which is consist-
ent with our previous observation (14).
Quantitative analyses of relative fluorescence signal of SKAP

at kinetochores demonstrated that depletion of Hec1 and
Mis13 caused a 63 and 56% reduction in fluorescence intensity,
respectively (Fig. 2B; p� 0.01). Therefore, the KMNnetwork is
required for recruitment of SKAP onto kinetochore, but not
vice versa, because the protein levels of Hec1 or Mis13 at kin-
etochores were not affected when knocking down SKAP (Fig. 2,
C and D; p � 0.05). Thus, both the Ndc80 complex and Mis12
complex are essential for the kinetochore localization of SKAP
but not the contrary.
SKAP Physically Interacts with Mis12 Complex Components—

Given the dependence of SKAP localization to kinetochore on
KMN components (e.g. see Fig. 2), we sought to examine if
SKAP physically interacts with any components of the KMN
complex. To this end, we carried out a yeast two-hybrid assay to
screen for SKAP-interacting partners using the protocol estab-
lished in our laboratory (e.g. see Refs. 15 and 16). Specifically, all
candidate kinetochore protein cDNAs were cloned into AD

vectors and co-transfected with BD-SKAP, followed by growth
selection. As shown in Fig. 3A, co-transformation of BD-SKAP
with AD-Mis13/Mis14 could rescue the transcription of the
MEL1 reporter gene in the yeast strain, whereas no comple-
mentary effect was observed between BD-SKAP andAD-Hec1/
Nuf2/Mis12. Thus, our yeast genetic screen suggested that
Mis13 and Mis14 are potential interacting partners physically
bound to SKAP.
To confirm the interactions between SKAP and Mis13/14

observed in our yeast two-hybrid assay and to test whether
SKAP forms a complex with Mis13/14, we carried out an
immunoprecipitation assay using lysates of 293 cells previously
co-transfected with GFP-Mis12/Mis13/Mis14 and FLAG-
SKAP plasmids to express tagged proteins. The transfected
cells were then collected at 36 h after transfection, followed by
preparation of soluble cell lysates as previously described (e.g.
(14, 18)). After the clarification centrifugation, FLAG-M2 affin-
ity beads were added to cell lysates for capture of FLAG-SKAP
and its interacting components. Immunoblotting with anti-
FLAG antibody demonstrated a successful precipitation of
SKAP, and immunoblotting with anti-GFP antibody verified
that Mis12 complex components were co-precipitated with
SKAP (Fig. 3B), whereasGFPwas not recovered from the FLAG
immunoprecipitates, showing the specific formation of
SKAP�Mis12 complex. Because the interaction between Mis13
and SKAP ismuch stronger than that betweenMis14 and SKAP
(Fig. 3B), Mis13 was then studied as the main interacting part-
ner for SKAP. This is also consistent with our previous conclu-
sion because Mis12 and Mis13 are thought to be the major
components responsible for linking Mis12 complex with other
kinetochore components (18).
To define the concrete domain(s) required for their interac-

tion, we carried out an MBP pull-down assay using full-length
MBP-SKAP and its NT and CT deletion mutants as an affinity
matrix to absorb GST-Mis13-expressing bacteria cell lysate,
respectively. Immunoblotting with anti-GST antibody con-
firmed a direct interaction between the SKAP C-terminal
region and Mis13 in vitro (Fig. 3C), and to further verify the
minimum region of SKAP interacting with Mis13, different
GST-tagged SKAP deletion mutants were purified and used as
an affinity matrix to incubate with purified MBP-Mis13. As
shown in Fig. 3D, immunoblotting with anti-MBP antibody
showed that the SKAP-CC2 deletion mutant is the minimum
Mis13-interacting region, which is consistent with the previ-
ously mentioned fact that this deletion mutant is also the min-
imum region for the kinetochore localization of SKAP. Thus,
we concluded that SKAP directly interacts withMis13 through
its CC2 domain.
SKAP Governs Spindle Microtubule Dynamics and Accurate

Kinetochore Attachment—Our previous results suggested that
SKAP is located at the interface between the kinetochore and
dynamic spindle microtubule interface and is involved in a sta-
ble attachment of spindlemicrotubules to the kinetochore (14).
The aforementioned experiments show that SKAP interacts
with components of the KMN protein complex (e.g. see Fig. 3).
To examine the precise function of SKAP in regulating the sta-
bility and/or dynamics of kinetochore-microtubule attach-
ment, we sought to assess the kinetochore microtubule (K-fi-

FIGURE 2. Ndc80 complex and Mis12 complex are required for the kine-
tochore localization of SKAP. A, representative images of metaphase HeLa
cells transfected with CENP-E, Hec1, or Mis13 siRNA for 36 h followed by fixa-
tion and then labeled with antibodies against SKAP (red), tubulin (green), ACA
(purple), and DNA (blue). Scale bar, 10 �m. B, quantification of kinetochore
signal intensity of SKAP. Bars, mean � S.E. (error bars) of three independent
experiments. In each experiment, 20 cells were measured (�15 kinetochores/
cell). C and D, representative images of metaphase HeLa cells transfected with
SKAP siRNA for 36 h followed by fixation and then labeled with antibodies
against Hec1 or Mis13 (green), ACA (red), and DNA (blue). Scale bar, 10 �m.
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ber) stability in the absence of SKAP using a cold treatment
protocol (7, 10). Briefly, after 15-min cold treatment (which
depolymerizes all non-K-fibers, such as astral microtubules) or
even longer cold treatment up to 30 min (which depolymerizes
unstable K-fibers), microtubules were stained with tubulin
antibody and imaged. As shown in Fig. 4A, most K-fibers of
scramble siRNA transfected cells remain intact after exposure
to cold treatment. The stability of K-fibers is sustained even
after a longer exposure to cold (Fig. 4B). Consistent with the
literature, suppression of the Ndc80 complex component Hec1
or the Mis12 complex component Mis13 dramatically reduced
the K-fiber stability as judged by a minimized number of K-fi-
bers after 15-min cold treatment (Fig. 4A). However, the K-fi-
ber stability in Mis13-depleted cells was less severe compared
with that of Hec1-suppressed cells. In the cells lacking SKAP or
CENP-E, the K-fibers remained apparent but much altered in
the 15-min treatment group (Fig. 4A) and were further desta-
bilized after 30-min treatment (Fig. 4B), suggesting that SKAP
does not determine the kinetochore-microtubule capture but
facilitates a stable kinetochore microtubule attachment (14).
To further assess the mechanisms of SKAP function in spin-

dle plasticity, we conducted a whole population survey on the
spindle stability challenged by cold treatment after siRNA-
mediated protein knockdown. In general, we found four types
of major spindle configuration in cold-treated HeLa cells after
specific kinetochore protein suppression, as shown in Fig. 4C.

Category 1 (Cat1) represents normal spindle by which cold sta-
ble microtubules were terminated at the kinetochore marked
by ACA. Category 2 (Cat2) represents unstable spindle in
which the bipolar spindle was shortened. Category 3 (Cat3)
represents perturbed spindle in which kinetochore microtu-
bules were fragmented but chromosomes appeared near the
equator. Category 4 (Cat4) represents collapsed spindle as
chromosome scattered around. The statistic analyses show that
suppression ofHec1 perturbed bipolar spindle stability because
there was a significant increase in category 4 count in the
15-min cold treatment (Fig. 4D). After prolonged exposure to
cold treatment for 30 min, virtually no kinetochore microtu-
bules were intact (Fig. 4E; p � 0.001).
In theMis13-suppressed cells, the numbers of category 2 and

3 spindles increased with a concurrent decrease of category 1
upon cold treatment for 30 min (Fig. 4E). Interestingly, the
number of collapsed spindles (category 4) inMis13-suppressed
cells was virtually unaltered with extended cold treatment. A
similar scenario was observed in CENP-E-depleted cells and
SKAP-suppressed cells, suggesting that the Ndc80 complex
bears directmicrotubule binding and potent stabilization activ-
ity, consistent with the literature (4, 18, 19).
If SKAP regulates the dynamic interaction of spindle micro-

tubule with kinetochore core, suppression of SKAP would
reduce the rate of spindle microtubule plus-end dynamics. To
test this hypothesis, we sought to examine the microtubule

FIGURE 3. SKAP physically interacts with the components of Mis12 complex. A, yeast two-hybrid test of BD-SKAP against different AD fusion constructs. The
image shows the growth of co-transformed yeast on the plate with X-�-Gal but lacking leucine, tryptophan, histidine, and adenine. B, GFP-Mis12/Mis13/Mis14
or pEGFP-C2 plus 3�FLAG-SKAP were co-transfected into 293T cells individually, followed by FLAG immunoprecipitations and Western blotting (WB) with
anti-FLAG or anti-GFP antibodies. C, purified MBP-SKAP proteins (full-length, SKAP-NT, and SKAP-CT) were incubated with GST-Mis13-expressing bacteria cell
lysates, respectively. After an extensive wash, the samples were analyzed by Coomassie Blue (CB) staining or anti-GST antibody Western blotting. D, purified
GST-SKAP full-length protein and its deletion mutant protein were incubated with purified MBP-Mis13 protein, respectively. After an extensive wash, the
samples were analyzed by Coomassie Blue staining or anti-MBP antibody Western blotting.

SKAP-Mis13 Interaction at Kinetochores

NOVEMBER 16, 2012 • VOLUME 287 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 39385



dynamics using photoactivated GFP-tubulin to follow the
growth of microtubule plus-ends in the various experimental
conditions because the rates of pole-ward microtubule flux
and tubulin turnover at plus-ends are usually measured to
monitor the dynamics of kinetochore-attached spindle
microtubules. Aliquots of HeLa cells were co-transfected
with Cherry-H2B and PA-GFP-tubulin, to allow us to simul-
taneously follow mitotic chromosome and the respective
spindle microtubule.
Tomonitor the rate of pole-ward microtubule flux, the spin-

dle microtubules near the kinetochore were flushed with UV
light to activate GFP and to allow tracking fluorescence-acti-
vated GFP-tubulin signal to be monitored (27, 32, 33); to mon-
itor tubulin turnover and to describe tubulin dynamics at
microtubule plus-ends, the time-dependent decrease in fluo-
rescence intensity of the activated region was quantified and
calculated (expressed as the half-life, t1⁄2). The pole-ward flux in
either SKAP-depleted or Mis13-suppressed cells was much
slower compared with scramble siRNA-transfected cells
(0.86 � 0.27 �m/min, Fig. 4H; *, p � 0.01), suggesting that
SKAP promotes microtubule plus-end dynamics. Consistent

with this, themeasurement demonstrated that the half-time for
tubulin turnover at the plus-ends became slower in SKAP-de-
pleted cells (Fig. 4F). The t1⁄2 for control transfected cells is
35.3 � 2.7 s, whereas t1⁄2 for SKAP-suppressed and Mis13-sup-
pressed cells is 21.7 � 2.6 and 17.3 � 2.9 s, respectively. Statis-
tical analyses of normalized fluorescence intensity over time
after photoactivating kinetochore microtubule from the afore-
mentioned three groups support the notion that SKAP stabi-
lizes kinetochore microtubule attachment (Fig. 4G; n � 15
cells). Thus, we concluded that SKAP regulates spindle micro-
tubule plus-end dynamics.
SKAP Orchestrates Kinetochore Oscillation and Accurate

Alignment at the Equator—Accurate chromosome alignment is
required for equal segregation of sister chromatids in anaphase.
To achieve chromosome alignment, bi-oriented paired sister
kinetochores generate force to drag chromosomes through reg-
ulation of attached microtubule plus-end dynamics. Kineto-
chore-binding microtubules processively alternate their state
between growth and shrinkage, inducing regular kinetochore
oscillation along the spindle axis. Consistent with recent publi-
cations (10, 12–14), knocking down SKAP by two independent

FIGURE 4. SKAP regulates microtubule plus-end dynamics. A and B, HeLa cells were transfected with control and SKAP-, CENP-E-, Mis13-, and Hec1-specific
siRNA, respectively. 36 h after transfection, HeLa cells were fixed after incubation at 4 °C for 15 min (A) or 30 min (B) before labeling with anti-�-tubulin antibody
(green), ACA serum (red), and DAPI (DNA; blue). Scale bar, 10 �m. C, examples of spindle configurations seen in the SKAP-suppressed cells. A total of four
categories were assigned. D and E, statistical analyses of spindle stability of SKAP-suppressed cells in response to cold treatments. Note that knockdown of
SKAP and Mis13 did not cause the collapse of the mitotic spindle, whereas Hec1 suppression resulted in spindle collapse in the presence of cold. F, examples
of time lapse fluorescent images of metaphase HeLa cells in the presence of scramble, SKAP, or Mis13 siRNA before (Pre-PA) and at the indicated times after
activation (Post-PA) of GFP-tubulin fluorescence. The half-life (t1⁄2) of photoactivated GFP-tubulin from the aforementioned groups was then calculated and
expressed as mean � S.E. (error bars). G, statistic analyses of normalized fluorescence intensity over time after photoactivating kinetochore microtubule from
the aforementioned three groups in F (n � 15 cells/group). H, quantification of kinetochore microtubule flux rate in HeLa cells transfected with SKAP, Mis13, or
scramble control siRNA. Note that depletion of SKAP significantly reduces kinetochore microtubule flux (*, p � 0.01 compared with control cells).
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siRNAs caused severe mitotic defects and arrest due to the fail-
ure to achieve metaphase chromosome alignment and satisfac-
tion of the spindle assembling checkpoint. The ratio of multi-
polar spindle is also significantly higher in SKAP siRNA-
transfected cells than that of control siRNA-transfected cells
based on statistic analyses (Fig. 5, A and B; p � 0.01). This
finding, to some extent, can be explained by the above men-
tioned fact that SKAP does not contribute to the formation of
stable kinetochore-microtubule attachment but is involved in
the regulation of dynamics of attached spindle microtubules. A
high temporal resolution real-time examination of chromo-
some/kinetochore behavior in a small time window approxi-
matingmetaphase is useful to illustrate this issue. InHeLa cells,
GFP-CENP-B was overexpressed to mark kinetochores, and
the GFP dots were imaged at high temporal resolution. In con-
trol cells, paired sister kinetochores gave an oscillated curve
(Fig. 5C). In SKAP-depleted cells, paired sister kinetochores
resulted in a flat curve, and as a positive control, CENP-H-
depleted cells were analyzed in the same way, and the resulting

curve suggested that loss of CENP-H disrupts sister kineto-
chore oscillations, which is consistent with a recent report (24)
(Fig. 5C). To present these data in a vivid way, the motion path
was portrayed, and the distance of sister kinetochores was plot-
ted to themetaphase plate over time for these three groups (Fig.
5D). Those plots summarized from more than 30 cells show
that suppression of SKAP minimizes the chromosome oscilla-
tory ability. Those studies support the notion that SKAP con-
stitutes a dynamic link between kinetochore core and spindle
microtubule plus-ends.
SKAP Is a Novel Microtubule Plus-end Tracking Protein

Essential for Chromosome Dynamics—Recent Ndc80 complex
crystal structure suggests that the Ndc80/Nuf2 head binds to
microtubules at the interdimer interface at an angle of 60°
(34). It has remained elusive how kinetochore core KMN
complex links to dynamic kinetochore microtubule plus-
ends as this dynamic interface modulates the assembly activ-
ities of K-fibers and facilitates motion along the kinetochore
microtubules.

FIGURE 5. SKAP is required for accurate sister kinetochore oscillation. A, depletion of SKAP results in chromosome alignment errors. Immunofluorescence
staining of control and SKAP siRNA-treated cells was conducted for ACA (red), tubulin (green), and DNA (blue). Scale bar, 10 �m. B, statistical analyses of
phenotypes of SKAP-suppressed cells using two different siRNAs. C, HeLa cells expressing GFP-CENP-B were imaged 36 h after transfection of the indicated
siRNAs (scramble, SKAP, and CENP-H); time is given in seconds. Paired sister kinetochores are color-coded to illustrate their dynamics. D, motion paths of
color-coded sister kinetochores to the metaphase plate under various experimental conditions (transfection of scramble, CENP-H, and SKAP siRNAs individu-
ally) were traced during the given time. A kinetochore oscillatory kymograph is presented over time (seconds).
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To examine whether SKAP could constitute an interface
between the dynamic plus-end and KMN, we carried out com-
putational analysis of SKAP for structuralmotifs and functional
modules. Interestingly, SKAP contains a conserved SXLPmotif
within a basic Pro/Ser-rich domain at its N terminus (14), sug-
gesting that SKAP bears EB1 binding activity. To test this pos-
sibility, we carried out a pull-down assay and validated that
SKAP indeed binds to EB1 in vitro (14). Our immunoprecipita-
tion assay further demonstrates that EB1 forms a cognate com-
plex with SKAP in HeLa cells (14). If SKAP is an EB1-binding
protein, SKAP should track microtubule plus-ends in an EB1-
dependent manner.
To determine if the SXLP motif of SKAP mediates the plus-

end tracking activity on microtubules, a TIRF-based micro-
scopic assay was established as illustrated in Xia et al. (40). As
shown in Fig. 5A, in the presence of EB1, GFP-SKAP tracked
the growing ends of MTs (Fig. 6A). Analyses of a kymograph of
the SKAP tracking behavior reveals that SKAP rides only on the
tip of growing microtubules but dissociates from shrinking
microtubule (Fig. 6B). In contrast, almost no plus-end tracking
was observedwhen the LPmotif of SKAPwasmutated to aspar-
agines (Fig. 6C). These results indicated that the SXLP motif is
responsible for linking SKAP to growingmicrotubule plus-ends
in an EB1-dependent manner because SKAP failed to track
microtubule plus-endwhenEB1was absent. Thus, we conclude
that SKAP is a novel EB1-dependent microtubule plus-end

tracking protein that functions in chromosome dynamics dur-
ing mitosis.

DISCUSSION

The kinetochore is a complex molecular machine to power
chromosome movements and orchestrates the checkpoint sig-
naling during cell division cycle progression. Proper alignment
and segregation of sister chromatids during mitosis is the most
important event in eukaryotic cells; it depends on the dynamic
interaction between kinetochore and spindle microtubules. To
build effective kinetochore-microtubule attachment, it must
satisfy two criteria: one is to maintain the dynamic flux of kin-
etochore microtubules, and the other is to secure the dynamic
link between kinetochore andmicrotubules. Numerous micro-
tubule-associated proteins play very important roles here. One
such typical example is the KMN network proteins, which are
composed of three components: Mis12 complex, KNL-1, and
Ndc80 complex, all of which together form the major structure
platform of the outer kinetochore and the core microtubule
binding site. This is crucial for kinetochore assembly and chro-
mosome segregation. Recently, it has been reported that kine-
tochore-localized microtubule plus-end proteins, such as
Clasp1/2, Clip170, and Lis1, form a new class of regulator gov-
erning kinetochore-microtubule attachment and microtubule
dynamics (3, 5). Our studies revealed that SKAP interacts
directly withMis13 through its C-terminal region and interacts

FIGURE 6. SKAP constitutes a dynamic interface between KMN and growing microtubule plus-ends. A, TIRFM analysis shows that SKAP tracks microtubule
plus-ends. The growing microtubule plus-end tracking of SKAP depends on EB1 in vitro. B, the corresponding kymograph shows that SKAP orchestrates the
microtubule dynamics because SKAP is specifically located in the growing ends. C, validation of plus-end tracking of SKAP depends on its EB1-binding motif
SXLP because mutation of LP into NN abolishes its tracking and end binding activity in vitro. D, validation of plus-end tracking of SKAP depends on EB1 because
the absence of EB1 fails to support SKAP tracking activity in vitro. E, the faithful progression of mitosis is orchestrated by dynamic interaction between spindle
microtubules and the kinetochore; it ensures the inheritance of genetic materials. The conserved KMN network, including KNL-1, Mis12 complex, and Ndc80
complex, constitutes the core microtubule binding site of the kinetochore. The CENP-C�CENP-T complex helps to target KMN to the centromere. The direct
binding of SKAP to Mis13 and plus-end tracking protein EB1 links the outer kinetochore to microtubule plus-ends. Together with some other proteins, such as
CENP-E, CLASP1, and MCAK, SKAP modulates kinetochore-microtubule attachment, sister kinetochore oscillations, and microtubule dynamics and regulates
spindle plasticity.
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with EB1 via its N-terminal SXLP motif, which adds SKAP to
this list of dynamic regulators. BecauseMis13 is a component of
the Mis12 complex, the direct binding of SKAP to Mis12 com-
plex provides a new link between the structural determinant of
kinetochore core and dynamic microtubule plus-ends.
Our present study demonstrates that the N-terminal region

of SKAP associateswith spindlemicrotubules, although it is not
sufficient to localize to the kinetochore. It implies that the func-
tion of SKAP can be separated into two parts according to its
secondary structure characteristics. The C-terminal region of
SKAP is responsible for its kinetochore localization, and the
N-terminal region orchestrates the microtubule binding activ-
ity and functions as a regulator of microtubule plus-end
dynamics.
Consistentwith previous publications (e.g. see Ref. 14), SKAP

participates in faithful mitotic progression. Therefore, we fur-
ther investigated its role inmediating kinetochore-microtubule
attachment and microtubule plus-end dynamics. We found
that loss of SKAP causes severe chromosome alignment defects
but still maintains a large proportion of the stable kinetochore-
microtubule attachment. This is because the number of cold-
stable K-fibers is minimally affected during depletion of SKAP
(Fig. 4A). However, we found that loss of SKAP dramatically
perturbs the normal sister kinetochore oscillations, which indi-
cates that suppression of SKAP down-regulates microtubule
plus-end dynamics. Moreover, we demonstrated that loss of
SKAP causes a decreased pole-ward flux velocity of spindle
microtubules. All of these findings suggest that instead of
ensuring stable kinetochore-microtubule attachment, SKAP
acts as a critical regulator for microtubule plus-end dynamics
during cell division.
It was recently reported that Astrin and SKAP form a com-

plex responsible for recruiting CLASP1 and Kif2b, respectively
(12, 35). Our study is consistent with a recent report regarding
the role of theAstrin�SKAP complex in chromosome alignment
(13). However, the currently available evidence provides little
well defined information regarding the molecular basis under-
lying SKAP localization to kinetochore and its precise role in
the dynamic interface of kinetochore-microtubule. Given the
fact that both CLASP1 and Kif2b contribute to the dynamics of
kinetochore microtubule plus-ends, it would be of great inter-
est to delineate how SKAP interacts with Astrin, CLASP1, and
Kif2b in mitotic chromosome dynamics. Global quantification
of protein expression indicates that EB1 is significantly more
abundant than any of the plus-end tracking proteins containing
the SXLP motif (36), which raises an interesting question as to
whether multiple SXLP motif-containing proteins, such as
CLASP1, Kif2b, and SKAP, function synergistically at the same
kinetochoremicrotubule or a differentmicrotubule of the same
kinetochore. It is also possible that SKAP may participate in
several protein complexes at the kinetochore, which cooperate
in regulating kinetochore microtubule dynamics and plasticity.
The recent advances in superresolution imaging and single
molecule studies also provide insights into themolecularmech-
anisms underlying kinetochore interaction with the spindle
microtubule plus-ends of spindlemicrotubules (e.g. see Refs. 37
and 38). Those techniques allow real-time tracking of the
movements of individual molecules and open exciting new

paths to delineate the spatiotemporal dynamics of kinetochore-
microtubule interactions.
The kinetochore machinery is highly dynamic, both in the

remodeling of a subset structure and turnover of its compo-
nents during cell division cycle. The kinetochore plasticity and
macromolecular assembly dynamics are orchestrated by cell
cycle machinery through protein covalent modifications, such
as phosphorylation, acetylation, andmethylation (39, 40, 41). It
will be very challenging and exciting to visualize and illustrate
the precisemechanism of action of the aforementioned protein
modifications in orchestrating dynamic kinetochore assembly
at the individual molecular level relative to the global conse-
quences of chromosome stability in cell division.
In summary, we show that SKAP interacts with Mis13 and

that this interaction is essential for temporal regulation of kin-
etochore microtubule dynamics. Our present study refines the
current working model of kinetochore molecular function. As
illustrated in Fig. 6E, the KMN network, including the Ndc80
complex, KNL1, and the Mis12 complex, forms the core kine-
tochore-microtubule attachment site at outer the kinetochore.
The KMN complex anchors to the centromere via interaction
with CENP-C and CENP-T complex (42, 43). SKAP links the
outer kinetochore KMN via its interaction with Mis13 to
microtubule plus-ends via plus-end tracking protein EB1 dur-
ing chromosome congression to the equator. It is likely that
SKAP forms other functional protein complexes, such as
CENP-E, with which SKAP cooperates to ensure the stability of
kinetochore microtubules via lateral interactions. To facilitate
microtubule growth, MCAK depolymerase activity is sup-
pressed by phosphorylation. Further molecular delineation of
SKAP function and regulation will uncover the underlying reg-
ulatory basis for temporal control of centromere plasticity dur-
ing mitosis and the defective processes underlying aneuploidy.
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